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8tACK?0DY  REFERENCE  FOR  TEMPERATURES  ABOVE  1200  K 
STUDY  FOR  DESIGN  REQUIREMENTS 


ABSTRACT 

S’ •-■•■'ties  were  Esoe  in  the  design  of  a  temperature  reference  uwit,  in¬ 
corporating  £  ruruug  system  with  s  sighting  window,  for  temperatures 
r*r.gi.-»g  frvs  1200  K  to  2100  K.  In  *iew  of  the  many  variables  present, 
the  duller  study  was  supplemented  with  analytical  and  experimental  data. 
Included  in  this  w^ck  <*ere  transmittance  studies  of  different  sighting 
windows  for  hi ackbody  radia.ios,  the  study  of  thermal  shielding,  and 
experimental  rtudies  if  blackbody  radiation.  The  window  materials  avail¬ 
able  included  i-ir^d  silica,  calcine  fluoride,  and  sodium  chloride. 
Recoffi^eadatioR.1  &*•«  *^«de  in  regard  to  structural  materials,  sighting  windows, 
and  thersal  shielding 
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INTRODUCTION 


The  calibration  of  temperature-measuring  inst  rusents ,  such  ts  total 
radiation  detectors  or  silicon  photovoltaic  detectors,  at  high  tempera¬ 
tures  requires  the  use  of  a  biackb-ody  temperature  reference.  Altnotigh 


a  number  of  blacLbc-dv  temperature 
aost  are  suitable  onh  for  tesrira 
of  t  tape  mure  r  e  fe  fences  for  hi  gh 


references  are  cossse  rc  i  a  1  I  v  available, 
cures  belo*  1400  K.  The  availability 
er  temperatures  (ab«ve  1-400  K)  becomes 


further  limited  when  these  ore  to  include  fclackbo-dv  reference  areas  ,.f 
moderate  dimensions.  In  order  to  fulfill  the  above  requirements,  design 
studies  »ere  initiated  relative  to  a  temperature  reference  unit  for 
temperatures  beginning  at  1200  K  and  extending  beyond  2000  K.  The  ssait 
points  emphasized  were  the  design  of  a  suitable  high  temperature  refer¬ 
ence  unit  containing  a  sighting  window.  and  the  determination  of  appropri¬ 
ate  transmittance  or  correction  factors  for  the  particula-  window. 


TECHNICAL  CONSIDERATIONS 


Gdfiera  1 


In  reviewing  the  basic  ideas  for  the  design  of  a  high  temperature 
reference  unit,  various  ideas  were  considered.  The  temperature  refer¬ 
ence  univ  should  function  as  a  blackbody,  that  is,  follow  a  Pianckiae 
intensity  distribution  for  the  entire  temperature  range  covered-  The 
geometric  configuration  of  the  heating  element  should  be  that  of  a  uni-  ; 

fors  temperature  enclosure  with  an  opening  for  temperature  or  radiation  -t 

sightings  only.  = 

High  temperature  generation  can  be  accomplished  by  many  means  in¬ 
cluding  induction  heating,  dielectric  heating,  and  resistance  heating. 

The  use  of  resistance  heating,  however,  is  desirsble  because  electrical 
power  outlets  are  usually  available  in  laboratory  areas,  and  many  high- 
temperature  materials  are  conductors  of  electricity  so  that  theae  can  be 
heated  by  direct  or  alternating  current.  The  use  of  tantalum,  tungsten, 
cclumbius,  and  graphite  merit  particular  consideration  in  this  respect. 

All  are  suitable  for  high- temperature  operation  in  an  appropriate  atmoa- 
phere  and  all  can  be  fabricated  with  varying  degrees  of  difficulty.  The 
use  of  an  oxide  as  a  material,  such  as  zirconium  oxide,  can  also  be  con¬ 
sidered  m  combination  with  dielectric  ar<d  resistance  heating.  Zirconium 
oxide,  however,  is  poor  in  ther»# 1  -  shock  resistance  and  would  not  remain 
intact  after  short  periods  of  use.  In  general,  the  selection  of  a  re¬ 
fractory  ar* si  or  graphite  for  the  Heating  element  is  preferable. 

1 

Manv  -devices,  when  heated,  ft';  ;e  considered  as  temperature  refer-  \ 

cnees  in  tfces^lv;-.  The  most  common  is  the  tungsten- f i  1  ament  lamp  used 
as  a  standard  for  the  calibration  of  optical  pyrometers.  Here  baaic 
J imitations  are  present  which  affect  calibration  measurements.  The  width 

i 
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i 
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of  the  filament  ts  usually  n«rro*  *  h  s  r  h  tskes  it  iscrjftic*]  to  use  with 
many  total  rad iat ton- type  instruments.  Furthermore,  technical  data  rel¬ 
ative  to  the  m! rared  spectrum  of  the  tungsten  filament,  together  *sth 
t  ranssi s s  i  on  r orrec lions  for  the  curved  glass  enclosure  surrounding  it, 
are  not  generally  available. 

The  probje*  of  high- tesperature  oxidation  of  the  structural  Eaters*  is 
for  the  temper stare  reference  unit  can  be  resolved  bv  excluding  the  oxi¬ 
dising  atmosphere  and  using  a  vacuus  sysr.es  with  appropriate  sighting 
windows.  The  use  of  windows,  an for tunate 1 v,  complicates  the  problem  of 
infrared  radiation  since  all  windo*'  skt^uis  reduce,  bv  reflection  and 
absorption,  the  infrared  radiation  emanating  free  a  source.  Consequent  I  v , 
a  satiafactory  technical  design  must  allow  for  an  adjustment  of  such  losses 
under  all  temperature  conditions;  and  the  design  considerations  sust  in¬ 
clude  the  ase  of  appropriate  correction  factors  is  conjunction  with  the 
temperature  reference  equipment. 

To  obtain  the  required  correction  factors,  additional,  studies  had  to 
be  perforated.  These  included  blackhody  radiation  studies  on  a  theoretical 
and  experimental  basis:  and  transmission  studies  of  the  window  materials 
on  an  analytical  and  experimental  basis. 

To  increase  operational  efficiencv,  supplementary  studies  were  also 
needed  relative  to  temperature  reference  components.  These  included 
thermal  shielding  studies  on  a  theoretical  basis:  and  electrical  studies 
of  current  and  voltage  on  an  experimental  basis. 


Radiation  Theory 

When  initiating  the  design  of  a  blackhody  temperature  reference  unit, 
the  basic  laws  and  associated  principles  of  thermal  radiation  should  be 
considered.  A  blackhody  differs  physically  from  conventional  materials  is 
that  it  is  both  an  ideal  thermal  absorber  and  as-  ideal  thermal  emitter.  No 
known  substance  is  a  perfect  blackhody  radiator  as  such,  but  blackbodv 
radiation  can  be  nearly  simulated  from  a  small  hole  made  in  the  wal 1  of  a 
uniformly  heated  enclosure. 

An  important  la*  describing  an  ideal  thermal  emitter  is  that  origi¬ 
nally  proposed  by  Planck. ***  This  can  be  written  simply  as 
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where  JgE  ,(h,T» 

is  the 

intensity  of 
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the  wavelength,  tsd  T 

is  the  absolute 

temperature.  This  equation  gives  the  intensity  of  radiation  of  an  idea) 
emitter  at  a  particular  wavelength  in  terms  of  wave  length,  temperature, 
and  two  basic  constants.  Equation  1  ran  be  integrated  for  all  wavelengths 
to  obtain  the  total  intensity  of  radiation. 


®gg(  1 1 


*  dA 


(2) 


Upon  integration  of  Eq*  t  i  on  2  within  t  ■?.  prescribed  limits,  the  Stefan 
Boltzmann  equation  is  t-.en  obtained:''* 


*bS(T} 


Cr  T4 


(3) 


where  les(T;  is  the  total  intensity  of  radiation  per  unit  area,  cr  is  the 

25*5  _  ' 

Ste fan-Bol  t zsanr.  constant,  and  T  is  the  abaolute  temperature. 


Equsti'i  ]  shows  that  the  intensity  of  thermal  radiation  of  an  ideal 
thermal  !s”i?r  is  related  to  the  fourth  power  of  the  absolute  temperature. 
Many  tesperature-seasuriss  devices,  such  as  total  radiation  detectors,  can 
be  designed  and  constructed  in  accordance  with  this  known  relationship. 

Of  course,  one  could  use  s  thermal  emitter  which  is  not  a  blsckbody  radi¬ 
ator  as  a  reference,  but  here  it  is  found  that  additional  terms  have  to  be 
included  in  Equations  2  and  3  to  describe  adequately  the  thermal  radiation 
phenomena.  These  additional  terms  are  known  as  the  emittaaees  of  a  mate¬ 
ria!  and  are  usually  a  function  of  temperature,  wavelength,  and  surface 
condition.  It  can  be  seen  then  that  the  design  of  a  temperature  or  radia¬ 
tion  standard  would  be  preferable  when  based  on  Equations  2  and  3.  The 
principal  reason  for  this  is  that  the  esittsnce  of  a  blackbody,  whether 
spectral  cr  total,  is  a  constant  and  equal  to  unity. 


Now,  the  amount  of  spectral  radiant  energy  received  by  a  temperature- 
sensitive  detector  ss  dependent  on  the  effect  of  the  geometry  sad  optica, 
g,  of  the  detector  together  mith  the  spectral  transmittance  t^CXI  of  the 
window.  The  resultant  energy  per  unit  time  received  by  a  detector  can  be 
written  as 


*f>viX,T)  =  r'X(x)*J 


BB.X 


(A,T) 


<4> 


•here  g  is  a  constant  which  include*  the  area  of  the  blackbody  source  and 
the  distance  between  the  detector  tnd  the  blackbody  source.  It  also 
includes  the  characteristics  of  the  optical  system  contained  within  the 
detector.  The  spectral  transmittance  "’^{Xl  represents  the  fraction  of  the 
incident  radiation  which  is  transmitted  by  the  window  at  a  particular 
wavelength.  It  is  a  fusctio.  <-i  the  window  material  and  wavelength  of  the 
i  aping  mg  radiation. 
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received  by  a 


temperature- 


*38 '  ^  ’ 
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*here  t(T)  is  the  total  t  ransasi  1 1  ance.  Here  the  total  transmittance  depend 
on  the  spectral  distribution  of  the  blackbody  reference  and,  therefore,  on 
the  temperature  of  the  blackbody  reference. 

The  total  t ranssi t tance  ~ \T)  can  be  mathematically  interpreted  as 
being  composed  of  two  parts,  that  is 


t{T>  = 


>tT'  *'ra<T) 


(6) 


where  rco(T)  represents  that  fraction  of  the  blackbody  radiation  aJicsei 
to  pass,  considering  only  the  cut-off  wavelength  of  the  window;  and 
represents  that  fraction  of  the  blackbody  radiation  allowed  to  pass,  con¬ 
sidering  both  the  reflection  and  absorption  losses  of  the  window,  up  to 
the  cut-off  wavelength.  The  cut-off  wavelength  is  taken  to  scan  that  wave 
length  beyond  which  the  transmitted  radiation  is  undetectable  with  the 
equipment  used. 


at 


In  the  case  of  a  fused 
4-66**,  Equation  6  can  be 


silica  window  which  has 
written  in  detail  as 


a  cut-off  wavelength 


t(T) 


4._6$ii 

4  -.6 Si- 

JhB,k(K’T!’dK 

'0  V  '  jBB.  a'  '*  1 ;  “  " 
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or  as 


”(T) 


4  .  S S*- 
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(5) 


Using  Equations  5  and  8,  the  total  amount  of 
k)  V  ft  t.C£p  erature- sens  it i ve  detector  with  a 
now  he  written  in  detail  as 


blackhodv  radiation  re¬ 
fused  silica  window  can 
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*b3\T) 


4  -  6  S;u. 


J  JBBjx(>-.T)  'dk 


‘  Jbb.  *d\. 


{ i  > 


In  this  study.  Equations  6,  ?,  8,  and  9  were  used. 


Thtraal  Shi  tiding  Theory 

In  one  phase  of  the  experimental  work  a  single  tantalus  shield  was 
needed  and  used  to  reduce  power  losses  by  thermal  radiation.  It  was  real¬ 
ized,  however,  that  a  asul  ti -element  thermal  shielding  unit,  particularly 
in  a  vacuus  environment,  would  be  greatly  superior.  Some  of  the  advantages 
o*  *  su 1 t i -ejecent  thersaj  shielding  unit,  therefore,  were  briefly  reviewed. 

In  the  case  where  s  cylindrical  configuration  is  used,  it  can  be  shown 
thct  the  equation  below  satisfactorily  describes  the  heat  transfer  charac¬ 
teristics  for  *  sul ti -e 3 esent  shield.*  For  mathematical  simplicity  it  is 
assumed  that  concentric  infinitely  long  cylinders  are  employed  as  shields 
and  that  the  esiaaivity  of  ail  surfaces,  including  the  hot  surface  and  the 
sink,  are  equal.  The  equation,  thee,  can  be  written  as 


(10) 


where 


Tc 


rate  of  heat  transfer  per  unit  area  from  the  hot  surface 
the  Ste faa-Bol ttmann  constant 
temperature  of  the  hot  surface 
temperature  of  the  cold  surface  (sink) 

total  emiaaivity  (assumed  to  be  the  same  for  all  surfaces) 
number  of  thermal  radiation  shields 

change  in  radius  between  consecutive  cylindrical  shields 
radius  ef  the  hot  surface 


If  the 
Equation  10 


ratio  dr/r  becomes  verv  small 

O  ' 

reduces  to  the  form 


U. 


large  relative  to  dr), 


'9C.51,  i,  /c. ,  sed  }fC4/,  S,  |3>#riul3  lisiifci  t§e^cy, 
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q_ 

A0 


(12) 


This  equation  describes  the  heat  transfer  by  radiation  from  one  cylindrical 
surface  to  another  cylindrical  surface  which  surrounds  it. 

The  effects  of  shielding  on  power  loss  by  radiation  can  be  explored  by 
first  studyirg  the  least  desirable  condition  and  then  studying  the  more  fa¬ 
vorable  conditions.  In  all  cases,  it  will  be  assumed  that  T0>>Tn+1,  AQ  i3 
a  constant,  Ar  is  a  small  constant  increment,  and  the  ratio  Ar/r8=  1/10. 

The  least  desirable  condition  exists  when  there  are  no  thermal  shields 
present  and  when  the  total  eaissivity  for  the  remaining  cylindrical  source 
and  the  sink  is  a  maximum,  that  is,  e  =  1  (assuming  the  same  spacing  between 
source  and  sink  as  will  later  be  present  between  shields).  The  ratio  q/A0 
would  be  large  and,  for  the  sake  of  discussion,  let  it  be  assumed  to  have 
a  magnitude  of  10,000  on  a  relative  scale. 

If  tantalum  is  used,  where  €  =  0.3  approximately,  then  the  ratio  q/A0 
is  reduced  to  1833.  This  value  is  considerably  smaller  than  the  first.  If 
thermal  shields  are  progressively  added,  the  ratio  q/A0  becomes  progressively 
smaller.  For  example,  if  six  cylindrical  shields  are  used,  the  ratio  q/A0 
is  reduced  to  330.  Figure  1  illustrates  this  condition.  It  shows  various 
magnitudes  of  q/Ae  as  a  function  of  the  number  of  shields  employed.  There¬ 
fore,  if  one  uses  a  certain  number  of  shields,  the  thermal  efficiency  can 
be  greatly  increased. 

EQUIPMENT  AND  PROCEDURE 

Rased  on  the  principles  reviewed,  a  simplified  blackbody  reference 
unit  was  assembled  for  study  and  experimentation.  Figure  2  shows  a  diagram 
of  tn»;  blackbody  reference  unit  with  pertinent  dimensions.  The  tubular 
graphite  element  shown  was  11  inches  in  length;  the  outside  diameter  was 
0.75  inch;  and  the  wall  thickness  was  0,03  inch.  Graphite  end-plugs,  to¬ 
gether  with  water-cooled  copper  electrodes,  were  used  to  complete  a  direct- 
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Figure  l.  RADIATION  LOSS  VERSUS  NUMBER  Figure  2.  DIAGRAM  OF  BUCXBOOV 

OF  CYLINDRICAL  SHIELDS  REFERENCE  UNIT 

current  circuit.  A  shunt  resistor  was  added  to  the  circuit  in  series  with 
the  graphite  cylinder.  Since  the  resistance  of  the  shunt  was  a  known  quan* 
ticy,  the  current  could  be  determined  when  voltage  aeasureaents  across  the 
ahunt  resistor  were  nade.  Similarly,  the  voltage  across  a  4-inch  length  of 
the  cylin^r  could  also  be  determined  by  the  use  of  tungsten-wire  probes 
eabedded  thtc-s*:  the  sail  ci  the  graphite  cylinder.  The  power  input  for 
this  length  of  cy’inder  «  *»*ld  •’be*  be  determined;  in  addition,  an  analysis 
could  be  aade  of  the  cur-ont  t'li^i’ity  and  power  requireaenta  at  a  partic¬ 
ular  temperature.  Figure  ;<  a./**.**  -  scheaatic  diagram  of  the  assaablad 
blsckbody  reference  equipment. 

The  teapersture-aeasuring  instruments  available  were  e  micro-optical 
pyrometer  and  a  total  radiation  detector.  The  pyrometer  was  one  which 
could  be  used  at  different  focal  distances  and  on  small  target  arena.  Tem¬ 
perature  sightings  and  measurements  with  the  pyrometer  were  made  visually 
at  an  effective  wavelength  of  0.65  micros.  The  total  radiation  detector 
operated  on  the  principle  that  the  total  infrared  radiation  received  was 
converted  to  an  electrical  output  signal.  The  detector  contained  e  calcium 
fluoride  window  and  two  sirrors  in  its  optical  system  which  focused  the 
infrared  radiation  fron  the  source  onto  s  heat-sensitive  element.  This 
element,  s  thermocouple,  produced  an  electromotive  fores  which  varied  as 
the  temperature  of  the  source  varied. 

Another  radiation-measuring  instrument  available  for  this  sfcu’y  was  an 
infrared  spectrometer  having  a  monochromator  wit  i  single-beam,  double-pass 
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Figure  i ,  fCUFHfl'C  Ss4SkAM  Of  biACUSO*  SEFEREKCf  EQillfHEKT 

capabilities.  This  instrument  was  able  to  reproduce  the  radiation  ir.t-e  si  ry 
froa  the  tesperature  reference  amt  as  a  function  of  the  c-velength. 

Current  and  voltage  .•aeeonrewents  were  lecorjed  with  an  automatic¬ 
recording  potentiometer  (and  with  *  null-type  potentiometer)  using  the  tung¬ 
sten  probes  for  vo)  tege  aess.ureeer.ts  end  current  shunt  resistor  for  current 
measurements  at  ta  initio]  temperature  of  about  1200  K.  As  this  temperature 
was  increased}  current  and  voltage  measurements  were  again  recorded.  This 
procedure  was  continued  over  e  wide  r. nge  of  temperatures. 

The  aiilivolt  output  of  the  total  radiction  detector  was  determined 
with  the  aid  of  a  null-type  potentiometer  while  measured  temperatures  were 
made  wick  a  »? ero-opci :ai  pyrometer.  In  this  Banner,  the  response  of  the 
total  radiation  detector,  with  a  fused  silica  sighting  window  was  measured 
{although  a*  yet  uncorrected  for  transmi ttance) .  Similar  procedures  were 
followed  after  the  window  cn  the  vacuum  chamber  was  replaced  with  a  calcium 
fluoride  window  and  later  with  a  sodium  '■hlcride  window.  Correction  factors 
were  then  applied  to  this  data  to  obtain  the  final  results. 

RESULTS  AND  DISCUSSION 

Although  the  transmittance  data  of  the  selected  window  materials  hav» 
been  obtained  previously  by  other  investigators,  these  properties,  particu¬ 
larly  near  the  region  of  the  cut-off  wavelength,  were  again  reviewed  and 
determined.  Figure  4  hows  the  transmittance  curves  of  a  fused  silica 
window  {Si02> ;  a  calctum  fluoride  window  {C8F2):  and  a  sodium  chloride 
window  (Naf.i).  The  da-a  ranging  from  1.0  micron  to  the  cut-off  wavelengths 
shows  were  obtained  experimentally  with  an  infrared  spectrometer.  The  data 
in  the  wavelength  region  below  1,0  micron  were  calculated  from  known  values 
of  the  refractive  in<jex5-8  together  with  Fresnel’s  reflect. on  iormula  for 
normal  incidence.  The  curves  show  that  at  a  wavelength  of  1.0  micron  the 
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calculated  values  are 
in  agreement  with  the 
exper stge^ts :  ralues. 

The  data  for  the  cal- 
c  ?  *i®  fluoride  <*xi\&3T 
«xtesdin£  iron-  Q;12 
sj.i  :  ff?  to  '1,29  sic  fas 
is  bused  r>u  fiapr*- 1- 
mental  work  performed 
with  a! tr«? i ol et  end 
otici.ua>  fluoride 
crystals. 3 

hi  l  windows  were 
approxissst*  j  y  2.0 
inches  in  diameter;  the 
v*r?ous  thicknesses 
are  noted  with  the 
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transmittance  curves.  These  windows  ire  representative  of  other  ;  side  of 
the  vase  material,  provided  that  the  window  tK'ekseas  .  '#s  not  differ 
appreciably  from  the  ycJi;«  shewn. 


For  illustrative  purposes,  theoretics*  h’-ckboov  radiation  c.  r??*  :*t 
different  temperatures  sr?  shown  m  Fig**'.  5.  These  cur tea  *r«  based  on 
Planck’s  work  and  can  be  represented  *t  different  temperatures  by  Esjaation 
1.  Here  radiation  intensities  are  shown  as  a  function  of  wavelength  acd 
temperature.  The  temperature  range  extends  from  iCOO  K  to  3060  K.  It  can 
be  seen  that  the  radiation  intensities  are  very  small  near  0.2  micron  even 
at  the  higher  temperatures,  and  that  the  peak  intensities  shift  toward  the 
shorter  wavelengths  as  the  temperature  is  increased. 


Is  order  to  determine  the  totel  transmittance  of  the  different  windows 
for  biackbody  radiation  at  difierent  temperatures,  the  data  and  equations 
presented  in  previous  sections  were  required.  The  data  shown  in  Figure  4, 
in  turn,  were  used  with  the  data  of  Figure  5.  The  results  were  interpreted 
in  accordance  with  Equations  6,  7,  and  8. 


As  previously  mentioned,  "co(T)  represents  that  fraction  of  the  black- 
body  radiation  allowed  to  pass  considering  only  the  cut-off  wavelength  of 
the  fused  silica  window  at  4.66  microns.  It  wss  determined  analytically 
using  theoretical  biackbody  radiation  values  (Figure  5)  together  with  the 
known  value  of  the  cut-off  point.  A  mathematical  description  can  be  found 
*n  Pc fe-en^e  5.  The  fraction  "ng(T)  represents  the  biackbody  radiation 
allowed  to  pass  considering  hot i  reflection  and  absorption  'vases  of  the 
fused  silica  window,  up  to  the  cut-off  wavelength.  It  was  obtained  by 
us  ng  theoret i et 1  biackbody  rsjiation  values  (Figure  5}  together  with  the 
transmittance  data  of  the  window  (Figure  4)  and  then  applying  tbs  methods 
of  numerical  integration.  The  mathematical  principles  are  based  on  the 
summing  up  of  individual  transmitted  radiation  magnitudes  for  selected 
wavelength  increments.  The  total  transmittance  (expressed  as  percent  trans¬ 
mittance)  t(j)  for  biackbody  radiation  is  the  correction  factor  needed. 
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Figure  5.  SUCK HOOT  m IATIO*.  THEORETICAL 

The  total  transmittance  of  the  -'wlciu®  fluoride  and  sodium  chloride 
windows  for  blackbody  radiation  was  sis'  separately  determined  ir.  the  same 
.asnntr.  Here  the  upper  limit  for  the  pert*-»e»st  integrals  had  to  be  replaced 
by  the  cat-off  f*re  1  engths  of  10. 5u  ar.d  20.  Ou.  At  i  the  required  data  is 
shown  ir  Figure  6. 

The  various  transmittance  date  indicate  that  the  sodium  chloride  window 
would  be  the  most  desirable  fro®  the  point  of  view  of  infrared  tr lnssission. 
However,  the  principal  disadvantage  of  this  window  is  that  it  fogs  gradually 
when  exposed  to  atmosphere  in  relative  humidities  above  40%  and  fogs  rapidly 
at  levels  above  80%.  The  window  then  becomes  limited  in  infrared  transmis¬ 
sion.  Although  the  window  surfaces  can  be  repolished,  this  added  inconven¬ 
ience  is  present. 

The  infrared  radiation  output  characteristics  of  the  temperature  refer¬ 
ence  unit  were  then  reviewed  by  comparing  the  theoretical  radiation  curves 
with  the  experimental  radiation  curves.  Figure  5  shows  that  the  radiation 
amplitudes  ereativ  increase  with  temperature  and  that  definite  intensitv 
ratios  exist  between  any  two  temperature  curves  at  each  wavelength.  For 
example,  at  a  wavelength  of  2-0  microns,  intensity  rntios  of  1.50,  i.66,  1.91 
and  2.35  are  obtained.  These  intensity  ratios  are  associated  with  the  tem¬ 
perature  curves  of  2000  K'iBGO  K,  1800  K/1600  K,  1600  K  1400  X,  and  1400  K/ 
1200  X,  respec t i vel v.  Similar  ratios  can  be  extended  to  include  other 
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PERCfNl  TRANSMI VT 


wavelengths.  Figure  7  shows  *  group  of  experimental  cu.'ves  which  have 
been  obtained  with  the  aid  of  an  infrared  spect roseier.  These  curves  are 
of  blackbody  radiation  which  has  been  attenuated  by  the  calcium  fluoride 
window  end  the  air  environment  present  in  the  room.  They  are  similar  in 
for*  to  the  theoretical  blackbody  curves  and  characteriie  the  radiation 
reaching  a  temperature- sensit i ve  detector.  The  wavelength,  indicated  on 
the  abscissa  axis,  is  nonlinear  and  is  appropriately  marked;  the  tempera¬ 
tures  shown  have  been  obtained  with  a  sierc-optica!  pyrometer.  Of  signif¬ 
icance  are  the  large  HjO  and  COj  absorption  bands  near  2.7a  and  4.3a. 

Now,  if  the  experimental  curves  of  Figure  7  are  blackbody  radiation 
curves,  the  same  ratios  should  be  obtained  at  the  same  wavelengths  as  with 
the  theoretics!  curves,  since  that  attenuation,  due  to  all  the  factors  men¬ 
tioned  above,  has  been  held  constant.  Table  I  contains  the  magnitudes  of 
the  ratios  of  blsckbodv  radiation,  both  for  the  theoretical  and  experi¬ 
mental  curves.  Some  of  the  temperatures  for  the  experimental  curves  are 
slightly  higher  than  those  shown  for  the  theoretical  curves,  but  when  all 
the  ratios  are  reviewed  with  this  in  mind,  the  data  is  in  good  agreement. 
One  still  should  consider  the  possibility  that  these  curves  could  also  be 
representative  of  a  graybedy,  since  unpolished  graphite  does  have  radiation 
characteristics  of  a  graybody  with  an  emittance  constant  near  Q.90.*° 
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This  would  undoubtedly  be  the  case  if  the  radiation  was  fro®  a  flat  graphite 
piece  alone,  but  the  geometric  configuration  of  this  material  has  been 
chosen  to  approximate  biackbody  conditions  and  it  is  believed,  therefore, 
that  the  behavior  tends  to  be  that  of  a  biackbody. 

Figure  8  shows  another  group  of  experimental  curves  obtained  with  an 
infrared  spectrometer.  T>  -se  are  the  biackbody  radiation  curves  which  have 
been  attenuated  by  the  fused  silica  window  and  the  air  environment  in  the 
room.  Of  significance  is  the  region  near  the  cut-off  wavelength  of  4.66m- 
The  radiation  intensities  here  have  been  drastically  reduced  is  magnitude 
and  the  COj  absorption  band  sear  4.3 u  no  longer  can  be  recognised.  Table 
I  also  shows  the  magnitudes  of  the  ratios  of  biackbody  radiation  both  for 
the  theoretical  and  experimental  curves  up  to  a  wavelength  of  3.5  m.  Al¬ 
though  these  curves  are  repetitious  of  the  data  obtained  with  the  calcium 
fluoride  window,  they  do  illustrate  the  effects  of  a  sharper  cat-off. 

The  study  of  biackbody  radiation  was  continued  using  a  total  radiation 
detector  in  conjunction  with  a  micro-optical  pyrometer.  Figure  9  shows 
the  total  radiation  detector  output  in  millivolts  (both  uncorrected  and 
corrected)  for  a  fused  silica  window,  a  calcium  fluoride  window,  and  a 
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todisa  chloride  window.  The  uneorrected  data  indicates  that  the  sttesua- 
t i ob  of  the  fased  silica  w«d o«  is  such  greater  than  for  the  other  windows. 
This  was  anticipated  fro*  the  known  trasssi ttaacea  of  the  pertinent  window 
•aterials.  The  corrected  data  was  detersined  by  applying  the  correction 
factor*  "f T)  foaed  in  Figare  6.  At  0. 10  siilivolt  the  corrected  teapera- 
tare  reading*  are  1410  K,  1423  K,  an  f  1430  E;  •*  0.24  siilivolt  the  cor¬ 
rected  tesperatare  reading*  are  1736  K»  1750  E  and  1755  E;  and  at  0.38  nil- 
lirolt  all  of  the  corrected  tesperatare  reading*  are  1953  K.  The  tespera¬ 
tare  ditierencea  range  fro®  1.4  percent  spproxisatel y  to  zero  percent  with 
the  lamest  difference  see erring  near  1400  K.  Ideally,  all  the  reseltsat 
ettrvf*  shoa Id  overlap,  that  is,  the  data  should  be  represented  by  one  carte 
after  the  correction  factor*  are  applied. 

Since  tesperatare  stability  of  the  tesperatare  refer  ace  unit  *•*  a 
function  of  current  and  voltage  stability,  it  was  important  that  these  s*g- 
sitades  did  sot  fluctuate  or  change  appreciably  daring  the  periods  of  ra¬ 
diation  seassresesi.  For  this  reason,  current  and  voltage  sagnitsdes  were 
reviewed  at  the  different  tesperatare*.  For  example,  at  a  tesperatare  of 
i 138  K,  the  current  was  105  asperes  and  the  voltage  t along  a  4-inch  length) 
was  1.08  volts;  at  a  tesperatare  of  2218  K,  the  current  was  332  anperes 
and  the  voltage  was  4.95  volts.  It  was  noted  thst  both  current  and  voltage 
resained  stable  during  all  periods  of  rsdiation  data  acquisition. 

During  the  varies*  tests,  there  was  a  slow  deterioration  of  the  tanta¬ 
lus  heat  shield  with  corresponding  changes  is  sarfsce  esittance;  in  tise 
these  changes  affected  the  power  input  requi resents.  This  deterioration 
was  probably  due  to  two  basic  causes;  the  oxidation  of  tantalus  in  n  vaeswn 
enviroanent  of  3$  sicroa*  of  presaure  and  the  reaction  of  tantalss  with 
graphite  at  the  higher  iesperatsres.il  One  eolation  is  the  ane  of  n  higher 
vacuus  and  an  all -tantalus  tesperatare  reference  asit.  Horsnlly,  thin  slow 
deterioration  is  not  a  severe  probles  since  siftwl taaeows  tesperatare  seaaare- 
sests  can  be  sade  quickly  with  the  different  instrosents.  Thin  conld  he  e 
probles  if  one  wishes  to  calibrate  the  tesperatere  reference  sait  (tespere- 
ture  versus  power  input)  or  if  one  is  Jinited  in  the  sexism*  current  avail¬ 
able  fros  the  power  supply. 

One  other  point  which  esa  he  aentioned  in  that  althoagh  total  radiation 
detectors  are  designed  in  accordance  with  the  Stefns-Beltxsnan  Ins  (Equation 
3),  the  phyaicel  situation  an  it  exists  in  the  ataosphere  differs  slightly 
fros  this  law.  This  is  due  in  part  to  the  absorption  hands  present  is  the 
etsosphere  sad  shown  is  Figures  7  and  8.  Here,  again,  the  effects  of  the 
large  absorption  bands  occurring  near  2.1m  (HjO  sad  OOj)  sad  4. 3/i  (COj)  can 
he  seen  together  with  the  ssnJler  absorption  baads  occurring  near  1 . 3p  (HjO) 
end  1.9m  (HjO).  The  radiation  detector  then  see*  sosethiag  less  than  it 
would  is  *  vacuus  enviroasent  alone.  The  response  of  the  radiation  detector 
does  not  eonfora  to  the  Stefnn-Bol ttsasa  equation,  which  contains  *  paraseter 
of  absolute  tesperatere  to  the  fourth  power  hut  actually  confers#  to  so  no¬ 
thing  less  than  the  fourth  power.  Of  course,  sost  tesperatare  seas* reseats 
are  perforaed  with  the  respective  instruseats  located  in  aa  air  atsosphere. 
Tesperatare  calibration*  are  also  perforaed  in  an  sir  atsosphere  by  cosparing 
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one  instrument  against  a  standard  instrument  and  the  above  absorption  bands 
are  not  required  in  detai]. 

Although  the  correction  factors  shown  in  Figure  6  have  been  evaluated 
to  2000  K,  these  values  could  be  extrapolated  to  3000  K  without  substantial 
error.  The  reason  for  this  is  that  all  the  curves  representing  the  re¬ 
quired  correction  factor  are  nearly  linear  beyond  2000  K.  In  addition,  the 
characteristic  slopes  of  the  respective  curves  are  known  together  with  the 
upper  limits  of  the  percent  t ranssi ttasce  (dotted  straight  lines).  As  the 
temperature  increases,  the  percent  tranaei ttance  increases  together  with 
an  increase  is  the  magnitude  of  the  correction  factor. 

CONCLUSIONS 

The  results  of  this  study  show  that  a  simple,  economical,  blackbody 
reference  unit  c«n  be  constructed  for  operation  at  temperatures  ranging 
from  1200  K  to  2100  K.  At  these  high  temperatures,  a  vacuum  system  capable 
of  operation  veil  below  35  microns  of  pressure  is  necessary  principally  to 
redmee  the  effects  of  oxidation.  After  steady-state  conditions  have  been 
attained  relative  to  oxidation,  out-gassing,  and  reaction  of  the  component 
materials,  it  msy  be  possible  to  remove  the  vacuum  equipment  after  first 
sealing  off  the  evacuated  vessel  containing  the  high-temperature  components 
and  sighting  window.  This  arrangement  would  not  require  the  vact,us-pasping 
equipment  as  u  permanent  fixture  bet  only  during  this  initial  phase. 

A  sighting  window  is  required  with  the  blackbody  reference  equipment 
to  provide  access  to  the  radiation  source  as  well  ar  to  exclude  the  exter¬ 
nal  atmosphere.  However,  a  correction  factor,  v(T>,  dependent  on  the 
tranamittance  of  the  sighting  window,  needs  to  be  known  when  using  this 
equipment  for  the  calibration  of  new  instruments.  Any  of  the  windows  pre¬ 
viously  described  can  be  used  since  the  correction  factors  are  known. 

These  resaia  constant  at  a  particular  temperature  and  fir  sustained  periods 
of  «se. 

Provisions  should  also  be  made  for  the  continuous  measurement  of  cur- 
rest  and/or  voltage.  The  initial  selection  of  the  power  supply  is  depend¬ 
ent  on  the  magnitude  of  the  current  needed  and  used;  in  addition,  any 
current  and  voltage  fluctuations  would  be  an  indication  of  temperature  in¬ 
stability  of  the  blackbody  temperature  refereace  unit.  Depending  on  the 
power  supply  chosen,  it  may  be  possible  to  operate  the  unit  without  the 
need  of  a  temperature-controlling  device. 

With  appropriate  selection  of  materials,  a  blackbody  reference  unit 
enn  be  constructed  for  crlibration  purposes  at  even  higher  temperatures. 
Although  graphite  was  used  is  this  analysis  as  the  principal  atructura! 
material,  a  refractory  netaliS.iS  such  as  tantalum  or  tungsten  can  be  sub¬ 
stituted.  Tantalum  is  preferable  because  of  its  ductility  and  strength; 
but  additional  experimental  teats  are  required  to  study  factors  such  ss 
loss  of  strength  as  a  function  of  high  temperature  for  the  particular  design 
configuration  employed.  The  use  of  an  all-tantalus  blackbody  refereace  unit 
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would  probably  necessitate  the  addition  of  *  h  t  gh-esi  1 1  sere  cer«ic  oxide 
(dielectric)  within  its  interior  for  favorable  biackbedy  radiation  char¬ 
acteristics,  The  basic  heating  element  would  be  thin-wailed  and  the  unit  £ 

could  be  enclosed  by  a  sul t i -el eaest  tantalus  heat  shield.  The  use  of  g 

tungsten  sheet  can  also  be  considered  as  another  building  material  although  § 

it  aay  become  limited  because  of  brittleness  associated  with  crystal  growth  § 

rt  high  temperatures.  Such  a  temperature  reference  unit  should  prove  to  be  f 

satisfactory  for  operation  at  temperatures  up  to  at  least  2500  K.  f 


REFERENCES 


✓  * 


1.  WORTHING,  A.  G.  Temperature ,  Radiation,  Emissivities  and  Emittances . 
Journal  of  Applied  Physics,  v.  11,  1940,  p.  421*437. 

2.  CORK,  J.  M.  Heat.  John  Wiley  &  Sons,  Inc.,  New  York,  1942. 

3.  HACKFORTH,  H.  L.  Infrared  Radiation.  McGraw-Hill  Book  Company,  Inc., 

New  York,  1960,  p.  15-17. 

4.  HARRISON,  T,  R.  Radiation  Pyrometry  and  its  Underlying  Principles  of 
Radiant  Heat  Transfer.  John  Wiley  &  Sons,  Inc.,  New  York,  1960,  p.  15-24. 

5.  AMERICAN  INSTITUTE  OF  PHYSICS  HANDBOOK.  McGraw-Hill  Book  Company,  Inc., 
New  York,  1957,  p.  6-31. 

6.  FORSYTHE,  W.  F.  Smithsonian  Physical  Tables.  Smithsonian  Institution, 
1954,  p.  517,  518,  520. 

7.  BALLARD,  S.  S. ,  et  al.  The  Optical  and  Other  Physical  Properties  of 
Infra-Red  Optical  Materials .  Baird  Associates,  Cambridge,  Massachusetts, 
ATI  No.  59146,  Contract  W-44-009  eng-473,  June  1949,  p.  32,  57. 

8.  CALINGAERT,  G. ,  HERON,  S.  D. ,  and  STAIR,  R.  Sapphire  and  Other  Hew 
Combustion-Chamber  Hindow  Materials .  Society  of  Automotive  Engineers 
Journal,  v.  39,  1936,  p.  448. 

9.  KNUDSON,  A.  R. ,  and  KUPPERIAN,  J.  E.  ,  Jr.  Ultraviolet  Transmission  of 
Calcium  Fluoride  Crystals  at  Low  Temperatures.  Journal  of  the  Optical 
Society  of  America,  v.  47,  1957,  p.  440. 

10.  GRENIS,  A.  F. ,  and  LEVITT,  A.  P.  The  Spectral  Emissivity  and  Total 

Normal  Emissivity  of  Commert:  Graphites  at  Elevated  Temperatures. 

U.  S.  Army  Material  Research  Agency  Technical  Report,  WAL  TR  851.2/1, 

May  1962. 

11.  GLASER,  P.  E.,  WECHSLER,  A.  E. ,  SIMON,  I,,  and  BERKOWITZ,  J.  Investi¬ 
gation  of  Materials  for  Vacuum  Insulation  Up  to  I4OOO0  F.  Arthur  D. 
Little,  Inc.,  Cambridge,  Massachusetts,  Contract  No.  AF33 ( 6 16 ) -68 16 , 
Technical  Documentary  Report  No.  ASD-TDR-62-68 ,  January  1962,  p.  11, 

12,  17,  24. 

12.  SCHMIDT,  F.  F  Tantalum  and  Tantalum  Alloys.  Defense  Metals  Infor¬ 
mation  Cente, ,  Battel le  Memorial  Institute,  Columbus,  Ohio  DMIC  Report 
133,  25  July  1960. 

13.  WOOD,  W.  D. ,  DEEM,  H.  W. ,  and  LUCKS,  C.  F.  Thermal  Radio  tion  Properties 
of  Selected  Materials.  Defense  Metals  Information  Center,  Battelle 
Memorial  Institute,  Columbus,  o,  DMIC  Report  177,  v.  1  and  2, 

15  November  1962. 


18 


